The micromagnetic structure in epitaxial (001)-oriented Cu/Ni(14 nm)/Cu rings fabricated by electron beam and focused ion beam lithographies with external diameter of 3 μm and linewidths between 100 and 500 nm is presented. We found that a state with radial orientation of the magnetization prevails at remanence. The evaluation of the magnetoelastic, magnetocrystalline and magnetostatic energies shows that a value as low as 1.5 ·10 −3 for the anisotropic relaxation of the in-plane strain components is enough to induce an effective radial easy magnetization direction
I. INTRODUCTION
The strain state in a nanostructured material has become a fine tuning parameter to control physical properties as different as the exciton spectra in semiconductor ZnO microwires 1 , the polarization in ferroelectric materials 2 , the critical temperature in superconductors 3 or the order temperature in magnetic films 4 . Another fundamental property controlled by the strain state is the magnetic anisotropy through the inverse magnetoelastic (ME) effect: the strain state in the film is coupled to the magnetic lattice and the ME stress coefficients reflect the strength of the spin-orbit coupling. Strain dependence of the magnetic anisotropy energy has been observed in nickel films grown on copper [5] [6] [7] [8] [9] , and other 3d metal films (Co/Au 10 ), and alloys (like Ni 90 Fe 10 11 ) as well as in rare earth superlattices 12 .
For materials with low magnetization values, which give rise to films with low magnetostatic energy, and cubic crystal structure that results in a feeble magnetocrystalline anisotropy, the contribution of the ME density energy can be particularly important if the residual strain components are of the order of 1% and the ME coupling coefficient is, at least, in the range of MPa. This scenario is found for Ni grown epitaxially on the (001) direction on top of Cu with a tetragonal distortion of the cubic lattice: the in-plane strain is isotropic (ε xx =ε yy = ε ) and the out of the plain strain proportional to the in-plane values: (ε zz =ε ⊥ = −(2c 12 /c 11 )ε ), and all of them are around 1% for Ni films as thick as 10 nm 13 . The total anisotropy energy includes the ME term e ME = −B 1 ( − ⊥ )cos 2 θ with B 1 being a bulk ME coefficient and θ the angle between the film normal [001] (crystallographic direction) and the magnetization vector.
A further step is the control of the magnetic anisotropy and domain configurations in magnetic elements with submicron lateral dimensions, as that is the scale for actual spintronic devices. Planar nanowires and nanorings have been investigated because of their potential use in domain-wall devices proposed for data storage 14 and logic applications 15 .
Most reported work has been focused on elements with polycrystalline crystal structure, whose properties are dominated by shape anisotropy. The ring geometry presents two dif- In this paper we report the fabrication and observation of magnetic domain configurations that defy the magnetostatic anisotropy in magnetic nanorings made in epitaxial Cu/Ni/Cu films with a nickel film thickness t Ni in the range where the effective perpendicular anisotropy coefficient is ≈ 0 and magnetic configurations associated with competing in-plane magnetic anisotropies are expected. These rings were fabricated by subtractive processing of epitaxial Cu/Ni/Cu film using focused ion beam and electron beam lithographies combined with dry etching using a metallic hard mask.
II. EXPERIMENTAL DETAILS

A. Thin film growth
An epitaxial Cu(5nm) / Ni(14nm) / Cu(100nm) film was grown on a Si(001) wafer in a molecular beam epitaxy chamber by electron beam evaporation, using a procedure described 
B. Electron beam lithography
Because the elimination of the native oxide would damage a mask prepared directly on the substrate, patterned ring structures have to be fabricated by a subtractive process. The first procedure used in this work includes electron beam (e-beam) lithography, e-beam evap- Exposures were performed at 10 kV accelerating voltage using a beam current of ≈ 80 pA such that the delivered dose was 99 μC/cm 2 . The exposed sample was developed with AR 600-56 developer for 30 s with a soft agitation followed by a quench in isopropyl alcohol for 30 seconds, both steps at room temperature. Figure 5a shows a SEM picture of a ring at this point in the process.
After the development, in order to improve the sharpness of the rings and to protect the 
C. Focused ion beam lithography
A second procedure to fabricate rings can be achieved by means of a focused ion beam facility. This technique uses Ga ion beams to remove the desired film area leaving untouched areas with specific geometry. Using low intensity flux (10 pA at 30 kV) several 3 μm diameter rings were fabricated. The quality of the crystal structure after the patterning process was studied by Transmission Electron Microscopy. a (200) zone axis. Therefore we conclude that the microfabrication process did not destroy the crystallinity of the epitaxial structure.
III. EXPERIMENT
The magnetic domain structure was measured by means of Magnetic Force Microscopy using the tapping technique. Low moment magnetic tips were used to obtain the images 
IV. ANALYSIS
To elucidate the orientation of M we consider the energy contributions that play a role in 
A. Magnetoelastic Energy
Previous works 23, 24 suggest the important role of the ME energy in determining the magnetic configuration in nanowires because of the presence of residual strain in the wires. We note that for Cu/Ni/Cu nanowires the sign of the anisotropic strain relaxation in combination with the sign of the ME stress coefficients favor a transverse ME anisotropy 23 . Here we analyze the ME contribution for a ring with a linewidth of 250 nm assuming an averaged in-plane anisotropic strain value comparable to that measured for an array of nanowires with similar film thickness and wire linewidth.
The general theory for the ME effects 25, 26 expresses the ME density of energy e mel of the undistorted crystal as a series of products of tensor strain components and polynomials of the direction cosines of the magnetization related to the coordinate axes. For the Cartesian coordinate system e mel can be written as:
The number of independent first-order ME coefficients is reduced to two (B γ,2 and B ,2 that correspond to the usual B 1 and B 2 ME coefficients 22 ). From equation (IV A) it can be deduced that different lattice deformations produce different magnetization states that are governed by the same ME coefficient. Thus, for the γ-terms, inside the square bracket, the strain polynomial multiplying α 2 z − 1/3 corresponds to a tetragonal distortion (a, a, a)→(c, a , a ) that may introduce a perpendicular anisotropy, while the second strain term, which is multiplied by α 2 x − α 2 y , describe the contribution due to the breaking of the in-plane symmetry  (a, a)→(a , b ) . The last contribution is fundamental in nanowires since the isotropic in-plane strain is broken by the patterning process.
It is more appropriate to describe the problem in the cylindrical coordinate system because it reflects the symmetry of the ring. The strain tensor components in the cylindrical reference basis can be obtained by performing the tensorial transformation for 2nd order tensors: ij = a ik kl a lj where the subscripts stand for the tensor coordinates; i, j are assigned to Cartesian components (x, y, z ) and k,l to the cylindrical system (r, φ, z ). The a's correspond to the transformation tensor: a 11 = a 22 = cosφ, a 12 = −sinφ, a 21 = sinφ, a 33 = 1, a 13 = a 31 = a 23 = a 32 = 0, therefore:
and for the cosines of the magnetization:
obtaining for e mel
Therefore the difference in e mel if M is aligned along the radius (α r =1, α φ =0) and tangent to the ring (α r =0, α φ =1) is:
The magnitude of this contribution depends on the existence of an inequality between the radial rr and the tangential strain φφ . Notice that we have assumed that the shear strains are negligible. The presence of a combination of the two ME stresses multiplying the strain polynomial in equation (5) The anisotropy of the relaxation of the in-plane strain components in nanowires with t Ni = 10 nm and width of 200 nm has been measured by X-ray diffraction 23 , providing a value of ≈ 3.4·10 −3 . This value is obtained as the difference between the strain along the wire axis minus the stain transverse to the wire axis. For a ring, those strains can be associated, respectively, to φφ and rr , thus rr − φφ < 0 and Δe mel < 0 for any value of φ, see Figure 9 , favoring the radial orientation of M. Note that the sign of rr − φφ is related to the sign of the in plane film strain, that is positive for the Ni/Cu system because the Ni undergoes a tensile stress, and therefore to the sign of the misfit between film and substrate lattice parameters.
B. Magnetostatic Energy
The magnetostatic energy e ms is calculated evaluating the magnetostatic potential, a process used elsewhere to obtain e ms for a ring with the onion configuration 27 . For the sake of simplicity we consider the case of a ring with two radial domains, see sketch in Figure 
with
here, β = 1 − (2W/D) and γ = 2t ni /D; J p are Bessel functions of the first kind that appear because of the cylindrical symmetry of the ring geometry. The sums in equations (6) and (7) run over positive and odd values of p due to the symmetry of the domain configuration.
The factor p −2 arises from the integration of M over the angular variable φ. Q v,p and Q s,p have been evaluated and, because of the presence of the factor p −2 , considering only a few terms in equations (6) and (7) is sufficient to obtain a reasonable value for the density of magnetostatic energy. For the ring considered here, e ms ≈ 10 kJ/m 3 .
There are no magnetic poles for a vortex state (α r =0, α φ =1) and the magnetostatic energy is zero, therefore Δe ms takes the value of 10 kJ/m 3 . 
C. Magnetocrystalline Energy
The magnetocrystalline anisotropy for cubic crystals for the lowest order is expressed as:
, becoming:
in cylindrical coordinates, using equations (3) . From the point of view of the magnetocrystalline energy, there is a cost of keeping M along the radial direction that depends on φ and can be evaluated by putting α r =1, α φ =0 in equation (10) .
Notice that this cost is zero for φ = π/4 and maximum (K 1 /4) for φ = 0.
D. Discussion
The energy balance Δe anis (φ) for a ring with ω = 250 nm and an averaged ( rr − φφ ) of -0.003, a value in the range of the experimental data measured for wires with similar
Δe anis (φ) is negative independently of φ, meaning that the radial orientation of M is favored over the tangential direction for the complete ring. Therefore the radial orientation of M observed in epitaxial rings can be attributed to the ME contribution.
This work shows the relevance of the ME interaction in the control of the magnetic state in nanomagnets. For example, magnetic circuits made on epitaxial layers will include nanowires with the axes along different crystallographic directions, connected with circular segments. The orientation of the magnetization of those elements can be chosen through the election of the sign for the ME stress coefficients. Thus, materials with different sign of B offer the possibility of combining elements with these transverse magnetic orientations with the usual longitudinal orientation of M, enabling new configurations of domain walls to be created.
V. SUMMARY
Epitaxial rings of Cu/Ni/Cu have been fabricated by e-beam and focused ion beam techniques in the range of thicknesses where the effective magnetic anisotropy in the unpatterned film is ≈ 0. The micromagnetic structure shows an unusual orientation of the magetization along the radial direction of the ring. This effect is explained due to the ME anisotropy generated by an anisotropic relaxation of the epitaxial strain observed in the continuous film.
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